Towards optimized triboelectric nanogenerators by Dharmasena, R.D.I.G. & Silva, S.R.P.
Towards Optimized Triboelectric Nanogenerators 1 
R.D.I.G. Dharmasena, S.R.P. Silva* 2 
Advanced Technology Institute, Department of Electrical and Electronic Engineering, University of 3 
Surrey, Guildford, Surrey, GU2 7XH, United Kingdom. Email: s.silva@surrey.ac.uk 4 
Abstract 5 
The rapid progression of electronic technologies is predicted to enhance the quality of life of the people 6 
around the world. A key challenge in achieving these targets is the need to develop sustainable power 7 
sources, which can support the ubiquitous and mobile operation of next generation electronic devices. 8 
Energy harvesting from ambient mechanical movements is seen as one of the main approaches in 9 
powering autonomous low power electronic systems such as wearables and IoT technology. Triboelectric 10 
nanogenerators (TENGs) have attracted significant attention in recent years as an emerging mechanical 11 
energy harvesting technology, due to numerous advantages over conventional mechanical energy 12 
harvesters. In this paper, we present a comprehensive review on the structural, material, motion and 13 
environmental parameters affecting the power output of triboelectric nanogenerators. The optimisation 14 
strategies for these energy harvesters are discussed, based on the theoretical and experimental studies 15 
in the literature. Finally, we discuss the major challenges in this research field, along with the future 16 
outlook. 17 
 18 
1. Introduction 19 
The advancement of novel technologies such as the Internet of Things (IoT), 5G technology and big data 20 
capture and analysis are envisioned to immerse the lives of the people in a digitally connected world, with 21 
improved productivity for society. Everyday objects visualised via sensors, displays, logic & 22 
communications will help enhance functionality with exchange of data to develop a smart network, 23 
realising improved usage and efficiency in real world applications. This opens countless opportunities 24 
worldwide, in areas of education, governance, health, transportation, disaster management, food and 25 
security, among many others. Powering the next generation electronic devices, in particular, the sensors 26 
and transducers that need to be mobile and ubiquitous, is a key challenge the world is facing today.[1,2] 27 
Many of these devices contain a large number of electronic components that might be located remotely, 28 
therefore, using individual power units for each system, along with their replacement or recharging 29 
becomes challenging. Specially, the novel electronic technologies contain various performance 30 
requirements such as flexibility, stretchablility, reliability, safety and autonomy. The success of future 31 
electronic technologies is heavily dependent on the design and construction of versatile self-powered 32 
energy supplies. 33 
The power demands for some of the common electronic devices are summarized in Fig. 1a [3]. Harvesting 34 
ambient energy forms such as solar energy, heat and mechanical motion, targeting low power electronics  35 
has been increasingly popular in recent years.[2,4] Some of these energy harvesting technologies typically 36 
produce micro-Watt to milli-Watt range power outputs using small scale devices.[5] The overall energy 37 
harvesting market amounted for approx. £ 500 million in 2009, whereas this value is predicted to exceed 38 
£ 2.5 billion by 2020, mostly consisting of consumer products.[5] Therefore, finding suitable material 39 
systems and designing optimized energy harvesting technologies are considered a high priority in the 40 
scientific community as well as in the industry.  41 
Among various ambient energy types, mechanical energy has attracted significant attention due to wide 42 
availability in forms such as wind, natural and machine vibrations, water waves, human motion etc.[6–8]. 43 
As an example, an average person can produce a mechanical power output ranging up to several Watts, 44 
Figure 1. (a) The reported energy consumption of some of the common portable electronic devices. Reprinted with permission 
from ref [3]. (b) Schematic showing the average mechanical power produced at different regions of the human body when a 
person is walking. Adopted from ref [9] and [7]. (c) Schematic of main working modes of TENGs, showing (i) Vertical Contact 
Separation mode TENG (VCSTENG), (ii) Lateral Sliding mode TENG (LSTENG), (iii) Single Electrode mode TENG (SETENG), and, (iv) 
Free Standing triboelectric layer mode TENG (FSTENG). 
at different locations of the body (Fig. 1b) [9][7]. Other natural movements such as wave energy and wind 45 
energy can act as potential energy sources for energy harvesting, for instance, the kinetic energy 46 
generated by ocean waves worldwide is estimated around 2-3 TW, with the wind power estimated to be 47 
of similar order of magnitude.[10,11] The existing methods for mechanical energy harvesting include 48 
piezoelectric, triboelectric, electromagnetic and electrostatic technologies.[7,12–15]  49 
Triboelectric Nanogenerator (TENG), first introduced in 2012 by Z.L. Wang’s research group[16], is an 50 
upcoming mechanical energy harvesting technology, with the potential to scavenge multiple ambient 51 
mechanical energy forms.[17,18] TENGs depend on the triboelectric effect, the static charge separation 52 
between two material surfaces upon contact, and the electrostatic induction resulting from the 53 
movement of such charged surfaces, to convert mechanical motion into electricity.[1,19–24] The 54 
instantaneous peak output power density of some of the TENG designs has been reported to be as high 55 
as 500 W/m2, with instantaneous power conversion efficiencies reaching 85%.[25] Apart from high output 56 
performance, TENGs have been demonstrated to contain many advantages over other energy harvesting 57 
technologies, such as the low cost, simple fabrication, scalability, and the ability to operate using low 58 
frequency movements. [1,17,25]  59 
TENGs with various architectures have been reported in the literature with different applications. 60 
However, developing output optimisation strategies for TENG designs has been challenging, mainly due 61 
to the lack of understanding about their output behaviour in real life applications [1][19]. This calls for a 62 
detailed analysis on the effect of device parameters such as the material and structural parameters, the 63 
motion profiles driving the TENG device, and the environmental parameters, on its outputs. In this work, 64 
we discuss the main types of TENG architectures, their applications, and working principles. A detailed 65 
review is provided on the theoretical and experimental reports regarding the effect of key device and 66 
environmental parameters on TENG outputs, along with their optimisation strategies. Furthermore, we 67 
discuss the major challenges in realising practical TENG applications, along with a perspective on potential 68 
solutions which can be helpful for the development of this research area. 69 
2. TENG Working Modes and Applications 70 
TENGs are fabricated in many different architectures, however, these can be divided into four main 71 
working modes; vertical contact separation mode (VCSTENG), lateral sliding mode (LSTENG), single 72 
electrode mode (SETENG), and, free-standing triboelectric layer mode (FSTENG) (Fig. 1c). [1] VCSTENG is 73 
arguably the most popular TENG architecture due to its simplicity and potentially high output power.[26–74 
28] The electrical outputs generated during periodic vertical contact and separation of triboelectric 75 
surfaces are obtained through electrodes deposited on the opposite sides of the contact surfaces. The 76 
basic architecture of LSTENG is relatively similar to VCSTENG, with the relative sliding movement of 77 
triboelectric layers in a parallel direction being used to induce the outputs.[29],[30] LSTENG working mode 78 
has been used in many device designs which include planar[1], cylindrical rotation[31], disc rotation[32] 79 
and grating structured[33],[34] device types. SETENG typically consists of a grounded bottom electrode, 80 
and relies on the electron transfer between the ground and the electrode to convert mechanical 81 
movement into electricity.[1] Contact electrification is maintained between a freely moving triboelectric 82 
surface and the electrode, and the movement of triboelectric layers can be either contact separation 83 
motion[35] or sliding motion[36],[37]. Although the output performance of SETENG is typically lower in 84 
comparison to other TENG types, it has been specifically used where the mobility of the moving 85 
component is important, such as in harvesting energy from human body movements.[1,20,25,28] FSTENG 86 
contains a pair of symmetric electrodes with a freely moving triboelectric layer between them, where the 87 
triboelectric charging takes place between the moving TENG layer and the electrodes.[38] The movement 88 
of the free-standing triboelectric layer causes an asymmetric charge distribution on electrodes, inducing 89 
a charge flow between them to balance the potential difference.[34] This mode can operate using contact 90 
motion as well as sliding movement. 91 
TENGs have been demonstrated in a broad range of applications, as energy harvesters and self-powered 92 
sensors. A large variety of energy harvesters have been developed in the literature, capable of harvesting 93 
different energy types with high power outputs (Fig. 2). Zhu et al. reported a shape adaptive thin film 94 
based LSTENG, which utilizes the sliding movement between triboelectric layers (Fig. 2a) [39]. The device 95 
consisted of a micro grated architecture with Polytetrafluoroethylene (PTFE) and metal surfaces. 96 
Subjected to a sliding velocity of 10 m/s, the device produced an average power density of 500 W/m2 with 97 
an overall energy conversion efficiency of 50%, and, demonstrated the capability of powering light bulbs. 98 
Wind energy harvesting has been a popular application for TENGs [40–43]. As an example Wang et al. [42] 99 
presented a FSTENG for wind energy harvesting, using Copper (Cu) and fluorinated ethylene propylene 100 
(FEP) (Fig. 2b). The wind flow caused the FEP to vibrate, resulting in an open circuit voltage (VOC) of 375 V, 101 
peak current density (JSC) of 98.5 mA/m2, and peak output power (POUT) of around 9.8 W/m2, at wind speed 102 
of 15 m/s.  103 
A number of TENG designs have been demonstrated for their capability in vibration energy harvesting 104 
[27,44–49]. Zhu et al.,[45] developed a VCSTENG consisting of PDMS and gold nanoparticles on the 105 
triboelectric surfaces, with springs connected as the restoring mechanism (Fig. 2c). The TENG produced 106 
peak VOC of 1200 V, peak JSC of 751.2 mA/m2, and peak POUT of around 313 W/m2 (through 1 MΩ load), 107 
lighting 600 LED bulbs, under the influence of human footfalls applying a force of 500 N to 600 N. The 108 
mechanical energy generated from the water waves, tidal and ocean current has been harvested using 109 
TENG architectures [10][50][51]. Wen et al.,[51] proposed a TENG with a wavy structured Cu-Kapton-Cu 110 
triboelectric layer sandwiched between nanostructured PTFE layers, capable of harvesting water wave 111 
energy (Fig. 2.d). The water waves cause pressing and releasing on the TENG structure, resulting in lateral 112 
extension and relaxation of wavy Cu electrode. This results in the contact electrification and relative 113 
movement between Cu electrodes and PTFE surfaces, causing an output current flow. The TENG was 114 
subjected to an artificial wave condition of wave height 0.2 m and speed of 1.2 m/s, producing a peak 115 
voltage of 30 V, peak output current of 6 µA. The same device was subjected to a vibration of 100 Hz, 116 
resulting in a peak power density of 0.4 W/m2. 117 
TENGs can be constructed using a broad range of materials and structures due to its versatility, resulting 118 
in a range of wearable textile based TENG designs. These include fibre, yarn and fabric based TENGs [52–119 
56]. Zhong et al.,[56] fabricated a modified fiber structure to develop wearable TENGs (Fig. 2e). Cotton 120 
threads were covered with carbon nanotube (CNT) ink which acted as triboelectric surfaces and 121 
electrodes. The second TENG surface was fabricated by applying a PTFE coating on the CNT coated yarns. 122 
These yarns were twisted to construct single fiber-based generators, and, interwoven into a fabric. The 123 
fiber-based TENG was used to harvest energy from finger movement, resulting in a peak output power 124 
density of around 1 mW/m2, through a load of 80 MΩ. Pu et al.,[57] modified a polyester fabric using 125 
Nickel (Ni) and Parylene to develop a wearable energy harvester (Fig. 2f). Strips of polyester fabrics were 126 
covered with a Ni coating, whereas a set of Ni covered fabric strips were again coated using Parylene. 127 
These strips were interwoven into a fabric. Parylene coated surfaces and the Ni coated surfaces act as the 128 
triboelectric contact surfaces, whereas the Ni coatings act as the electrodes for both the TENG surfaces. 129 
The output performance of the TENG was evaluated at low frequency movement (<1 Hz), where peak VOC 130 
of 50 V, peak JSC of around 2 mA/m2, and a peak POUT of 0.4 W/m2 were reported. 131 
Figure 2: Energy harvesting examples for TENGs. (a) Schematic of a shape adoptive thin film based TENG, which utilizes sliding 
motion. Reprinted with permission from ref. [39], Copyright © 2014, Wiley-VCH GmbH & Co. (b) Photograph of a double side fixed 
flutter driven TENG. Reprinted with permission from ref. [42], Copyright © 2016, American Chemical Society. (c) Schematic of a 
spring based TENG for vibration energy harvesting, consisting of PDMS and gold nanoparticles. Reprinted with permission from ref. 
[45], Copyright © 2013, American Chemical Society. (d) Schematic of a TENG consisting of a wavy electrode for energy harvesting 
from water waves. Reprinted with permission from ref. [51],  Copyright © 2014, American Chemical Society. (e) A fibre based TENG 
design for applications in wearable energy harvesting. Reprinted with permission from ref. [56], Copyright © 2014, American 
Chemical Society. (f) Wearable TENG constructed using modified fabric strips woven into a fabric. Reprinted with permission from 
ref. [57], Copyright © 2015,Wiley-VCH GmbH & Co. 
Self-powered TENG sensors have been shown useful in wearable electronics, IoT, and portable electronics, 132 
where a number of remote sensors are deployed to collect information, enabling users to detect and 133 
respond to their surroundings.[58] Pressure and tactile sensing is a key application for TENG sensors.[59–134 
62] Zhu et al.[60] reported a TENG capable of measuring tactile responses at low pressure regimes (Fig. 135 
3a). A PET layer was sandwiched between two Indium tin oxide (ITO) layers acting as the electrodes, and 136 
the pressure sensitive surface was constructed using a vertically aligned fluorinated ethylene propylene 137 
(FEP) nanowire surface. An example for the operation of this device is shown in the voltage output graph 138 
of Fig. 3a. When the device is compressed using finger contact, the voltage increases accordingly, and 139 
returns to the reference state when the finger contact is removed. The output performance of the TENG 140 
indicated a pressure sensitivity of 44 mV/Pa (0.09% Pa-1), touch sensitivity of 1.1 V/Pa (2.3% Pa-1), capable 141 
of operating at low pressure ranges (<0.15 kPa). Fan et al.[61] used a similar concept to construct a 142 
VCSTENG with micro-pattered PDMS and PET contact surfaces (Fig. 3b), along with ITO back electrodes. 143 
Figure 3: Use of TENGs in self-powered sensing. (a) Schematic of the structure of a TENG designed for tactile sensing (left), and, the 
voltage response to the touch of a finger (right). Reprinted with permission from ref. [60]. Copyright © 2014, American Chemical 
Society. (b) A VCSTENG composed of a micropatterned PDMS surface for pressure sensing (left), and the voltage output during the 
drop of a feather (right). Reprinted with permission from ref. [61]. Copyright © 2012, American Chemical Society. (c) Schematic of 
a membrane based self-powered vibration sensor. Reprinted with permission from ref. [63]. Copyright © 2014, Wiley-VCH GmbH & 
Co. (d) Schematic of a self-powered TENG UV sensor. Reprinted with permission from ref. [64]. Copyright © 2014, Wiley-VCH GmbH 
& Co. 
This device demonstrated a lower detection limit of 13 mPa, sensing the fall of a feature and a water 144 
droplet. A membrane-based TENG vibration sensor was developed by Bai et al.,[63] capable of detecting 145 
pressure changes for health monitoring applications. This device uses a latex membrane and a FEP 146 
nanorod array as triboelectric contact surfaces, and a pair of copper electrodes for the exchange of 147 
induced charges (Fig. 3c). The TENG device detected a minimum air pressure variation of 0.16 Pa, and 148 
used to detect human footsteps, respirations, and heartbeat, showing the potential to be used in medical 149 
applications.  150 
Apart from the dynamic physical parameters, TENGs have also been used in detecting environmental and 151 
chemical properties. Lin et al. [64] proposed a VCSTENG which acts as an active UV photodetector, 152 
fabricated using titanium dioxide nanostructures (Fig. 3d). The irradiation of UV radiation affected the 153 
resistance of the active layer, and in turn, the triboelectrification process. Therefore, the current and 154 
voltage variations of the TENG were used as an indicator to determine the intensity of UV radiation, with 155 
a response of 280 A/W, rise time of 18 ms, and a light intensity detection range of 20 µW/cm2 to 7 156 
mW/cm2. Lin et al.[50] developed a VCSTENG architecture composed of gold (Au) nanoparticles, capable 157 
of sensing mercury (Hg2+) ions. 158 
3. Working Principles of TENGs 159 
The power generation of TENGs is a combination of the triboelectric effect, and, electrostatic induction 160 
resulting from the relative movement of triboelectrically charged surfaces [19][24][23]. In this section, 161 
existing theories regarding the origin of triboelectric effect are briefly discussed, followed by the 162 
theoretical models explaining the output behavior of TENGs. 163 
3.1 Triboelectric Effect 164 
Triboelectric charging occurs when two material surfaces are contacted or rubbed against each other[65–165 
69]. Triboelectric series is constructed through the empirical classification of triboelectric materials 166 
according to their capability of being positively or negatively charged (Fig. 4a).[70][71][68] The origin of 167 
the triboelectricity is considered to be due to the transfer of electrons [72][73], ions [68][74][75], mass 168 
[76][66] or a combination of these effects [67]. 169 
Triboelectric charging of metals and semiconductors correlates with their work function or contact 170 
potential difference.[67,77] However, charging of insulators does not typically indicate such a clear trend 171 
[78]. Electron transfer theory supports the idea of electron transfer during triboelectric charging. Liu et al. 172 
conducted a series of experiments on the contact charging of polytetrafluoroethylene (PTFE) against 173 
poly(methyl methacrylate) (PMMA), proving the presence of electrons on PTFE surface after contact 174 
electrification, using a set of electro chemical reactions[79],[80]. More recently, Xu et al.,[77] reported the 175 
charging behaviour of inorganic insulating surfaces against increasing temperature, supporting electron 176 
transfer theory. 177 
Harper et al.[68] presented a theoretical model to explain the contact electrification through ion transfer, 178 
considering an electret containing larger fixed ions and mobile counter ions. When the surfaces are in van 179 
der Waals contact, smaller mobile ions will move between the two surfaces experiencing a single potential 180 
well, which becomes an asymmetric double potential well When the surfaces start to separate. When the 181 
potential barrier created between the surfaces is too high, the ions would be trapped on one of the 182 
surfaces. Diaz et al.,[74],[75] reported a study relating the magnitude and polarity of the contact 183 
electrification with the structure and concentration of the ionic species on the contact surfaces. 184 
Mass transfer related to contact electrification was first proposed by Clark et al. [76] by studying the 185 
contact electrification of PTFE and PET films. Transfer of the opposite material was detected on both 186 
surfaces using X-ray Photoelectron Spectroscopy analysis, and higher material transfer was correlated 187 
with larger charge transfer. More recently, Baytekin et al. [66] highlighted the significance of material 188 
Figure 4: (a) An example of a triboelectric series, where the materials are listed according to their capability of triboelectrically 
charged with respect to a liquid metal reference. Reprinted from ref. [70] (b) Schematic showing the dimensions of a charged TENG 
layer which was used to derive the DDEF model, with length (L), width (W), charge density (σ), and the axis (z) perpendicular to its 
midpoint. Reprinted with permission from ref. [19] Copyright © 2017, Royal Society of Chemistry. (c) Schematic representation of a 
TENG device with m number of contact surfaces. In this demonstration, the electric field behaviour of ith triboelectric surface is 
considered, and the distance to electrode a (Xa,i) and electrode b (Xb,i) are marked. The electrodes are separated by a distance y, and 
the dielectric constants are shown as ɛa and ɛa respectively. Reprinted with permission from ref. [20] Copyright © 2018, Elsevier Ltd.    
transfer during contact electrification of insulators, reporting the triboelectrically charged surface as a 189 
random mosaic of positively and negatively charged nano-scale areas. 190 
3.2 Simulating TENG Outputs 191 
The relative movement of triboelectrically charged surfaces causes the electric fields acting on electrodes 192 
of TENG devices to vary, inducing an output current, which is driven through an external load to harvest 193 
energy. The fundamental output behaviour of TENGs has been explained using Maxwell’s displacement 194 
current [14], given by: 195 
𝐽𝐷 =
𝜕𝐷
𝜕𝑡
= 𝜀
𝜕𝐸
𝜕𝑡
+
𝜕𝑃𝑆
𝜕𝑡
         (1) 196 
Where 𝐽𝐷 is the displacement current density, 𝐷 is the displacement field, 𝑡 is time, 𝐸 is electric file, and, 197 
𝑃𝑆 is the polarization of the medium. 198 
The conventional theoretical models depend on the parallel plate capacitor approximation to simulate 199 
TENG outputs, by developing the relationship between the voltage, charge and the separation (V-Q-x). 200 
This relationship is typically represented by, 201 
𝑉 = −
1
𝐶
𝑄 + 𝑉𝑂𝐶         (2) 202 
Where, 𝑉𝑂𝐶 indicates the open circuit voltage and 𝐶 is the overall capacitance of the TENG. This concept 203 
has been expanded to represent contact mode as well as sliding mode TENG architectures 204 
[33][24][81][37]. However, the theoretical models based on the parallel plate capacitor approximation 205 
contain a number of drawbacks. These include the inability to fully explain the polarization of dielectrics, 206 
induction of output charges, and the electric filed behaviour inside a TENG device, as well as the relatively 207 
low accuracy in predicting output trends [19][20][21]. Furthermore, bespoke circuit models have been 208 
presented to explain different TENG working modes, affecting the consistency and the comparability of 209 
between different models [20]. 210 
We presented the distance-dependent electric field (DDEF) model, the first analytical theoretical model 211 
based on Maxwell’s equations, as a universal platform to fully describe the working principles of majority 212 
of TENG architectures. Instead of the parallel plate capacitor approximation, the distance-dependent 213 
electric field model takes into account the finite dimensions of triboelectric layers and evaluates the 214 
overall electric fields acting in a TENG. Considering a charged layer with dimensions L and W, and a uniform 215 
charge density of σ, placed in a medium with a permittivity of 𝜀 (Fig. 4b), the electric field perpendicular 216 
to the layer (𝐸𝑧,𝑝𝑙𝑎𝑛𝑒), against the distance (𝑥) can be calculated as, 217 
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Considering a typical TENG device consisting of m triboelectrically charged surfaces, triboelectric charge 219 
density (of ith surface) 𝜎𝑇,𝑖, output charge density 𝜎𝑢 (Fig. 4c), eqn (3) can be applied to each of the 220 
triboelectrically charged surfaces as well as dielectric electrode interfaces, to calculate the overall electric 221 
field acting on the electrodes. Considering the TENG shown in Fig. 4d, the potential of the electrodes a 222 
(Φa) and b (Φb) is evaluated as [20]: 223 
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During the operation of the TENG, triboelectric layers will move relative to each other using the 226 
mechanical energy available in the environment. This causes the distance between the TENG layers to 227 
change. The electric fields from the charged surfaces are distance-dependent, therefore, the magnitude 228 
of the electric fields on the respective electrodes changes accordingly. As a result, the potentials of the 229 
electrodes vary depending on the separation distance of TENG layers, as described by eqn (4) and eqn (5). 230 
The potential difference can be evaluated as [20]: 231 
𝑉 = Φa − Φb          (6)  232 
This causes an output charge exchange between the electrodes, attempting to balance the potential 233 
difference between them. Considering the short circuit scenario, the output current (𝐼𝑠𝑐) can be evaluated 234 
as [20]: 235 
𝐼𝑠𝑐 = 𝐿𝑊
𝑑𝜎𝑢
𝑑𝑡
          (7) 236 
Where, the output charge density (𝜎𝑢) is given by, 237 
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Assuming the electrodes are connected via a load resistor of resistance R, the output current, hence, the 239 
power output of the TENG can be evaluated using Ohm’s law with the use of following equation [20]: 240 
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Therefore, DDEF model not only provides a full and adequate explanation of the working principles of 242 
different TENGs, but also provides an estimation of their output trends and magnitudes, with a higher 243 
accuracy in comparison to the capacitor based theoretical models [19–22]. Furthermore, the DDEF model 244 
acts as a universal platform to compare the output trends between different TENG architectures. 245 
4. Output Trends and Optimization Methods for TENGs 246 
The power generation of a TENG depends on the triboelectric charging process as well as electrostatic 247 
induction, as discussed in section 3. The design and construction of efficient TENG architectures involve 248 
the understanding of the output trends of TENGs, and the factors affecting their output behaviour, in 249 
terms of their impact on the triboelectric charging and the output induction process. 250 
4.1 Characteristics of Triboelectric Charging 251 
Triboelectric charging strongly depends on the material properties of the contact surfaces. One of the 252 
primary indicators of the polarity and the amount of charge is the relative position of the materials in the 253 
triboelectric series.[68][71] The materials further apart in the triboelectric series typically generate higher 254 
amounts of surface charges, where the material ranked higher in the series shows the positive 255 
polarity.[71] Moreover, chemical composition, pre-treatment, processing history, and surface roughness 256 
of contact surfaces can affect triboelectric charge density [25,61,71,82–84]. 257 
For a given pair of triboelectric surfaces, the triboelectric charging depends on the number of contacts 258 
between them during initial charging phase.[68,78,85,86] The triboelectric charge separation start from 259 
a low value, increase gradually with a decreasing, and saturates after a finite number of (typically several 260 
hundred) contact cycles  (Fig. 5a). After this initial dynamic period, the triboelectric charge density remains 261 
relatively stable at the saturated value. Other experimental parameters such as different charging steps 262 
and the pressure applied during triboelectrification affects the surface charge density. Application of 263 
adequate pressure between triboelectric contact surfaces has been demonstrated to increase effective 264 
contact area, resulting in higher charge separation especially for structured surfaces.[87–89] 265 
The saturated triboelectric charge density is a dynamic balance between the charge separation (discussed 266 
above) and charge recombination.[68] Charge recombination occurs from three main mechanisms; 267 
Figure 5: (a) The gradual increase, and, eventual saturation of triboelectric surface charge, against the number of contacts of 
triboelectric surfaces. Charge curves for a PDMS sheet (1 cm*1 cm) contacted against (i) another PDMS surface, where the charge 
output of both sheets are shown, (ii) polycarbonate, (ii) silicon wafer, (iv) PTFE. In (i) to (iv), open markers show charge outputs 
for the experiments conducted inside a non-polar oil medium, and the solid markers indicate the experiments conducted in air. 
Reprinted with permission from ref. [86] Copyright © 2011, Wiley-VCH GmbH & Co. (b) DDEF model simulations for the effect of 
triboelectric charge density on the output power, against increasing load resistances. Reprinted with permission ref. [21] 
electron tunnelling, field emission and dielectric breakdown of the surrounding gases, among which the 268 
dielectric breakdown is considered to be the dominant factor.[68] A number of studies have been 269 
presented in the literature regarding the discharge patterns of tribo charged insulators.[66],[86]  Baytekin 270 
et al.,[66] evaluated the kinetics of discharge for triboelectrically charged PDMS surfaces. The discharge 271 
rate constant for the PDMS surface in air was estimated to be around 0.001 s-1 to 0.00001 s-1. Furthermore, 272 
the charges do not show lateral migration. These results indicated the capability of triboelectric charges 273 
to remain unaltered for relatively long durations of time. [67]  274 
Triboelectric charges separated during metal-metal contact typically get discharged before the surfaces 275 
are separated, due to the presence of high mobility electrons. On the other hand, Insulating materials are 276 
capable of retaining triboelectric charges on contact surfaces.[67,68] Therefore, triboelectricity between 277 
metal-insulator and insulator-insulator materials forms the basis of triboelectric energy harvesting 278 
considering the stability of separated static charges.[1,13,19] 279 
4.1.1 Enhancing TENG Outputs Through Triboelectric Charging 280 
As evident from eqn (6) to (8), triboelectric charge density is directly proportional to the voltage and 281 
current outputs. Therefore, the power output of the TENG has a quadratic relationship against the charge 282 
density [21], as depicted by the DDEF model simulations (Fig. 5b). Hence, enhancing the charge density 283 
plays a critical part in optimising the outputs of a TENG. Apart from the fundamental optimisation 284 
characteristics such as the appropriate material selection from the triboelectric series and sufficient 285 
repetitive contact between surfaces, a number of strategies have been used in the literature to enhance 286 
the triboelectric charge density. 287 
Physical surface modification of TENG layers through micro and nano-scale patterning has been frequently 288 
used to enhance the outputs of TENGs.[1,13,17,58] Patterning the contact surfaces enhances the effective 289 
contact area confined in a given space, therefore improves the effective charge density. Fan et al.[90] 290 
developed a series of micro-patterned PDMS surfaces as triboelectric contact layers, to study their effect 291 
on TENG outputs (Fig. 6a). Several designs including lines, cubes and pyramid structures were compared 292 
with a flat triboelectric surface of the same material. The output trends were consistent with the increase 293 
in effective contact area (pyramid>cube>line>flat) caused by surface structuring, resulting in enhanced 294 
outputs. Zhu et al.,[45] reported a VCSTENG where the triboelectric surface modified with gold 295 
nanoparticles (Fig. 2c), resulting in significantly enhanced outputs. Similarly, nanoparticles, nanowires and 296 
other nanomaterials have been regularly used to enhance the output performance of different TENG 297 
architectures.[26,44,91] Furthermore, some studies focussed on increasing the triboelectric charge 298 
density through the engineering of friction layer [92]. For example, Cui et al. presented a TENG with a 299 
composite friction layer to adjust the charge distribution depth, and, obtained an improvement of a factor 300 
of 11.2 in triboelectric charge density. 301 
Different chemical surface modification techniques have been reported in literature, which were used to 302 
enhance the triboelectric charge density of TENG contact surfaces.[17,82,83,93] Many of these studies 303 
focused on introducing functional groups that encourage the triboelectric charge transfer. Shin et al. [82] 304 
reported a surface modification technique for PET films, in which poly-L-lysine solution was used to 305 
introduce positively charged amino (-NH3+) groups. Similarly, trichloro (1H, 1H, 2H, 2H-perfluorooctyl) 306 
silane (FTOS) was used to introduce nonpolar trifluoromethyl (-CF3) groups. VCSTENG devices were 307 
constructed using non-functionalized PET and the functionalized films as shown in Fig. 6b. Both 𝑉𝑜𝑐 and 308 
𝐽𝑠𝑐 trends were comparable, where the functionalized PET films showed improved performance ((ii), (iii), 309 
and (iv) in Fig. 6b), in comparison to the case of non-functionalized PET ((i) in Fig. 6b). The maximum 310 
output performance was observed for (-NH3+) modified and (-CF3) modified triboelectric contact surface 311 
pair. These improvements were discussed with relation to the surface functionalization, where (-NH3+) 312 
group improves the positive triboelectric charging whereas the (-CF3) encourages negative triboelectric 313 
charging, which results in improved charge density of contact surfaces. A similar output enhancement was 314 
Figure 6: Strategies used to enhance the triboelectric charge density for TENGs. (a) Micropatterned PDMS surfaces consisting of 
line, cube and pyramid patterns, and, their corresponding current and voltage outputs compared with a corresponding flat 
surface. Reprinted with permission from ref. [61]. Copyright © 2012, American Chemical Society. (b) Effect of chemical 
functionalisation on TENG contact surfaces using different functional groups, and their corresponding voltage outputs. Reprinted 
with permission from ref. [82]. Copyright © 2015, American Chemical Society. (c) Enhancing triboelectric charge density thorough 
ion injection, and the corresponding voltage and current improvements. Reprinted with permission from ref. [94] Copyright © 
2014, Wiley-VCH GmbH & Co. (d) Schematic of the concept of an additional TENG device acting as the charge pump to enhance 
triboelectric charge density. Reprinted with permission from ref. [100] Copyright © 2018, Elsevier Ltd. (e) A block diagram 
explaining the concept of integrating external charge excitation and self-charge excitation to increase the triboelectric charge 
density. Reprinted with permission from ref. [102] 
 
reported by Li et al., where the introduction of fluorine containing groups onto a PET triboelectric surface 315 
through inductively coupled plasma etching resulted in a significant enhancement in output voltage, 316 
current and charge density.[83]  317 
In a relatively different approach, Wang et al.,[94] reported a technique where single polarity charged 318 
ions were injected directly on TENG contact surfaces using an air ionization gun. A FEP film was injected 319 
with negatively charged ions using this method (Fig. 6c), reaching triboelectric charge densities of around 320 
630 µC/m2. The FEP layer was coupled with an Al sheet to construct a VCSTENG. The performance 321 
comparison before ion injection and after injection clearly indicate a significant enhancement of 𝑉𝑜𝑐 and 322 
𝐽𝑠𝑐, with an improvement of around 4 to 5 times, resulting in an improvement of 25 times in the power 323 
output. In a more recent study, Wang et al.,[95] reported a significant enhancement in triboelectric 324 
surface charge density, by placing the TENG in a vacuum. They presented a VCSTENG using PTFE and Cu 325 
as triboelectric contact surfaces. A Change in the surrounding conditions of the TENG from the 326 
atmospheric pressure to high vacuum (around 10-6 Torr) increased the triboelectric surface charge density 327 
from 50 µC/m2 up to 660 µC/m2. Moreover, this charge density was further increased up to 1003 µC/m2 328 
by coupling the PTFE layer with a ferroelectric material. The current, voltage and output power increased 329 
significantly as a result of the increase in triboelectric charge density. 330 
Several other techniques have been reported in the literature to encourage conformal contact between 331 
the triboelectric surfaces, hence, to increase triboelectric charge separation. Hard surface contact 332 
between TENG layers is known to produce relatively low TENG outputs, due to inadequate contact 333 
between triboelectric surfaces [96]. Consequently, some researchers have engineered the triboelectric 334 
surfaces to obtain soft contact targeting increased contact surface area [96–99]. This resulted in higher 335 
contact charge transfer, providing increased output performance of the TENGs. Such techniques include 336 
the utilisation of contact electrification between liquid metal triboelectric layers[98,99], and the use of 337 
soft core TENG surfaces [96][97]. In one example, Tang et al. [98]  suggested a liquid-solid contact TENG 338 
to ensure nanometer scale conformal contact between triboelectric surfaces, using liquid metals (mercury 339 
and gallium) as one of the triboelectric layers. The contact between the solid triboelectric layer (Kapton) 340 
provided a triboelectric charge density of around 430 µC/m2, resulting in a 4 to 5 times improvement 341 
compared to a solid-solid contact TENG.[98] More recently, Cheng et al. [96] developed a TENG for water 342 
wave energy harvesting, consisting of an acrylic hollow sphere as the shell component. The second 343 
triboelectric material was contained within this shell, and the relative rolling action between the two 344 
components was used to generate the TENG output. In this design, the conventional PTFE spheres, which 345 
results in hard contact between triboelectric surfaces, were replaced by a liquid/silicone soft core 346 
material. This led to an increase in the contact area, and hence the triboelectric charge transfer, resulting 347 
in a 10 fold increment in maximum output charge, and significant improvement in TENG outputs. 348 
A novel approach has been suggested where two TENGs are used in tandem, acting as a floating layer 349 
structure and a charge pump (Fig 6d) [100], reporting an output charge density of 1020 µC/m2 in ambient 350 
conditions. In a relatively different approach, TENGs were combined with voltage multiplying circuits 351 
consisting of capacitors and diodes, to construct a self-improving TENG design [101]. As a hybridisation 352 
and a further development of these two concepts, a TENG architecture which utilises the external charge 353 
excitation using a charge pump mechanism as well as self-charge excitation mechanism consisting of a 354 
self-voltage multiplying circuit was presented more recently (Fig. 6e) [102]. This new device was able to 355 
achieve an effective output charge density of 1250 µC/m2. Furthermore, a number of studies have 356 
highlighted the influence of the contact force or pressure between the triboelectric contact surfaces, 357 
during the operation of the TENG [21][88][89][87]. Therefore, obtaining a proper contact between 358 
triboelectric surfaces is essential to increase the charge density, especially when the surfaces are 359 
structured.  360 
4.2 The Output Induction of a TENG and Its Optimisation 361 
Once TENG contact surfaces are triboelectrically charged, the relative movement of these layers result in 362 
the generation of TENG outputs, as discussed in section 3. The electric fields of the charged triboelectric 363 
surfaces propagate through the TENG layers, causing the dielectric layers to polarize, and acts on the 364 
dielectric electrode interfaces which drives the output charges. This output induction process is affected 365 
by a number of device and motion parameters of the TENG, and some of the main parameters are 366 
discussed in this section. 367 
4.2.1 Device Parameters 368 
The output characteristics of a TENG device depend on a number of device parameters, which include 369 
structural parameters such as the shape, surface area and thickness of TENG layers, as well as material 370 
parameters such as the dielectric constant and charge density. 371 
The effect of the surface area of a TENG contact surface was analysed in our previous studies, using the 372 
DDEF model (Fig. 7a) and experimental results (Fig. 7b) [19][21]. This study used a pair of square shaped 373 
TENG layers consisting of PDMS and PET contact surfaces, and the current, voltage and power output at 374 
different surfaces areas were evaluated. The current and voltage outputs increased when the surface area 375 
increased [19]. As a result, the power output was higher for the larger surface area device, which was 376 
observed at a relatively lower load resistance (Fig. 7a,b), both which are favourable for practical TENG 377 
applications [21]. Similarly, Wang et al.,[103] reported the effect of triboelectric layer size on the outputs 378 
of a VCSTENG, with superimposed multiple electrode layers. As expected, the increase in the triboelectric 379 
layer size significantly increases both 𝑉𝑂𝐶  (Fig. 7c) and 𝐼𝑆𝐶  (Fig. 7d). Furthermore, the same study indicated 380 
the significance of the edge effects from the TENG layers towards its electrical outputs, when the 381 
maximum separation of the TENG movement is of a comparable scale with respect to TENG layer 382 
dimensions. 383 
The thickness of the TENG layers affects the electric field propagation, therefore, impacts the power 384 
generation capability of the TENG during the output induction process [19][21]. Assuming a given 385 
triboelectric charge density on a dielectric TENG layer, the electric fields have to propagate through a 386 
shorter distance when the thickness of the layer is low, and according to the DDEF model, they will easily 387 
propagate towards the electrode interfaces without significantly reducing their intensity. Therefore, in 388 
the output induction point of view, reducing the thickness of dielectric TENG layers to a minimum 389 
increases the output power, and, reduces the corresponding load resistance from which the maximum 390 
power output is obtained, as demonstrated through DDEF model simulations (Fig. 7e) and experimental 391 
results (Fig. 7f) [21]. On the other hand, a recent study by Cui et al [92] revealed details about the effect 392 
of the thickness of the triboelectric layer on the transportation and distribution of triboelectric surface 393 
charges, and its charge storage capability, using a VCSTENG with a PVDF contact layer. The outcomes of 394 
this study suggested that the triboelectric charge density decreases towards the inner volume of the 395 
dielectric layer (Fig. 7g). When the thickness of the dielectric layer is increased, the storage thickness of 396 
triboelectric charges also increases, and gradually maximizes at a threshold thickness. Further increasing 397 
the thickness of the dielectric layer above this threshold value does not contribute to the triboelectric 398 
charge accumulation. In a triboelectric surface charge density perspective, triboelectric charges maximize 399 
above this threshold thickness, therefore, having the minimum threshold thickness becomes essential.  400 
Hence, the optimum thickness of TENG layers can be considered as a balance between the reduction of 401 
thickness to obtain maximum electric field propagation, and, providing enough thickness to ensure 402 
maximum stable triboelectric surface charge accumulation. 403 
Moreover, the shape of the TENG layers has an influence on the electric field propagation and the output 404 
induction of the TENG. As an example, the theoretical and experimental output trends of a planar TENG 405 
device were compared against a comparable convex-concave TENG design, proving a relatively higher 406 
output performance for the planar architecture [19].  407 
Figure 7: Effect of device parameters on TENG outputs. (a) DDEF model simulation results, and, (b) corresponding experimental 
outputs for the output power against increasing loads, considering different TENG layer surface areas. Reprinted with permission 
from ref. [21] The output trends of a VCSTENG against different surface areas showing (c) voltage and (d) current output trends.  
Reprinted with permission from ref. [103] Copyright © 2017, Elsevier Ltd. The power output of a TENG against increasing TENG 
layer thickness, indicated through (e) DDEF model simulations, and (f) experimental results. Reprinted with permission from ref. 
[21] (g) A theoretical simulation for effect of triboelectric layer thickness on triboelectric charge distribution on the contact layer. 
Reprinted with permission from ref. [92]. Copyright © 2016, American Chemical Society. (h) The DDEF model simulations 
indicating the effect of increasing dielectric constant on the output power of a TENG. In this simulation, dielectric constant is 
systematically increased, while keeping all other parameters constant. Reprinted with permission from ref. [21] 
Considering the materials parameters, the triboelectric charge density depends directly on the contact 408 
surface material selection as discussed in detail in section 3. This selection depends on the relative position 409 
of the pair of materials in the triboelectric series, where the material ranked towards the top of the series 410 
provides a positive charge against the material ranked lower, which will charge negatively [70]. Utilising 411 
material pairs which are placed further apart in the triboelectric series can be considered a suitable 412 
approach for the selection of material type to increase the triboelectric charging. The recent literature 413 
contains a number of quantitative triboelectric series consisting of a large range of materials typically used 414 
for the construction of TENGs, which can be used as a guide in this process [70,71]. 415 
On the other hand, dielectric constant also depends on the material type which affects the electric field 416 
propagation of the TENG, however, contradictory views exist on the effect of the dielectric constant on 417 
TENG outputs. According to the theoretical simulations from the DDEF model as well as the capacitor-418 
based model, when the dielectric constant is lower, higher output power can be obtained (Fig. 7h) [21]. 419 
These simulations assume the surface charge density and all other parameters to be similar, and purely 420 
investigate the effect of dielectric constant change on the power output of TENG. However, some of the 421 
experimental studies[104][105] have suggested an increase in the TENG outputs while using high 422 
dielectric constant material surfaces, citing an increase in the triboelectric charge density. Therefore, 423 
further investigation is necessary to verify the effect of the dielectric constant on TENG outputs. 424 
4.2.2 Motion Parameters 425 
The nature of input motion profile affects the magnitude and the rate of the induced outputs of the TENG. 426 
Sinusoidal and constant velocity periodic motion profiles are commonly used to characterise TENGs, of 427 
which, the magnitude of the movement (amplitude) and the motion rate (frequency) are considered key 428 
parameters. 429 
The effect of the rate of movement on TENG outputs was analysed in our previous studies (at fixed 430 
amplitude), using sinusoidal and constant velocity periodic motion profiles [21]. Considering the sinusoidal 431 
motion profiles, the power output of the TENG increases proportionally to the frequency, when the other 432 
parameters are kept constant. Increasing the frequency of the movement increases rate at which the 433 
TENG layers move relative to each other, and hence increases the rate of charge transfer (current), 434 
resulting in an increase in the output power (Fig. 8a) [21,106–110]. It is important to notice that the load 435 
resistance corresponding to the peak power decreases with a linear trend, as the frequency is increased, 436 
which is desirable for practical applications. A similar trend can be observed for constant velocity contact 437 
and separation movements considering the DDEF model simulations (Fig. 8b) and experimental results 438 
(Fig. 8c). Similarly, Yang et al.,[111] investigated the effect to of frequency on the output power, which 439 
indicated an increase in the power output when the frequency is increased (Fig. 8d). Wang et al.[27]  440 
investigated the effect of increasing frequency (at constant amplitude) on the TENG output trends, using 441 
a VCSTENG device (Fig. 8e-f).  As indicated in Fig. 8d, 𝑉𝑂𝐶 does not show a significant variation against 442 
increasing frequency of the movement (Fig. 8e). However, 𝐼𝑆𝐶  increases significantly as the frequency of 443 
the movement is increased (Fig. 8f), whereas 𝑄𝑆𝐶  remains almost constant (Fig. 8f inset). 444 
Therefore, having a higher rate of movement for TENGs is advantageous in obtaining higher outputs as 445 
well as reducing the impedance of the energy harvester. This approach can be challenging as the 446 
frequency of ambient movements can be limited to physical restrictions, however, frequency up 447 
conversion mechanisms have been suggested in literature to overcome this issue. For example, a 448 
mechanical system composed of a spiral spring, great train, cam and a fly wheel was suggested by Bhatia 449 
et al.[112], which is capable of converting low-frequency input motion profiles into high-frequency output 450 
Figure 8: The effect of the motion rate on TENG outputs. (a) Simulation (DDEF model [solid triangles] and TENG power transfer 
equation [hollow circles]) and experimental results [solid circles] for the effect of increasing frequency of sinusoidal movement on 
TENG power output. (b) DDEF model simulations, and, (c) experimental results, indicating the effect of increasing rate of 
movement on TENG power output, when the TENG is subjected to constant velocity motion. Reprinted with permission from ref. 
[21]. (d) The effect of increasing frequency of movement on TENG output power. Reprinted with permission from ref. [111] 
Copyright © 2018, Elsevier Ltd. Effect of increasing frequency on (e) Open circuit voltage (Voc) and (f) Short circuit current (Isc) 
outputs. Inset of (f) shows the effect of frequency on the charge output. Reprinted with permission from ref. [27] Copyright © 
2012, American Chemical Society. 
signals (50 Hz). A significant power output improvement was reported by Kim et al.[113] through the use 451 
of a gear train to enhance the frequency of input motion for the TENG. Additionally, cantilever type layer 452 
designs have been suggested as a potential method to increase the rate of movement for TENG layers 453 
[21]. 454 
Amplitude of the movement has a significant impact on the output trends of a TENG. The effect of the 455 
increasing amplitude of a sinusoidal motion (at fixed frequency) on the power generation of the TENG 456 
was reported using the DDEF model simulations (Fig. 9a) and experimental results (Fig. 9b). For both 457 
scenarios, the output power increases with a decreasing trend when the amplitude is increased. A similar 458 
output behaviour was reported by Wang et al.,[62] using a FSTENG, where an increase in the current and 459 
voltage outputs were observed, under increasing amplitude of movement Fig. 9c-d. A similar analysis was 460 
presented by Zhong et al.,[46] for a VCSTENG, indicating an increase in the current output profiles (Fig. 461 
9e), as well as peak current and charge outputs (Fig. 9f), at a fixed frequency. Increasing the amplitude 462 
results in increasing the gap distance between the electrodes, causing a larger potential difference. This 463 
results in the increased voltage and current outputs.  464 
Due to the gradually saturating outputs, deciding the optimum separation distance (amplitude for the 465 
case of contact mode TENGs) for a given TENG can be challenging. An optimisation criteria for amplitude 466 
has been demonstrated by Dharmasena et al. [21] which considers the saturation of the peak output 467 
power, the separation distance corresponding to the peak output power, and the energy transfer during 468 
the movement of TENG layers.  469 
The importance obtaining conformal contact between TENG layers towards the triboelectric surface 470 
charge density was discussed in section 4.1.1. Sufficient contact between TENG contact surfaces also 471 
affects the electrostatic induction process. The effect of the minimum separation distance (h) of pre-472 
charged triboelectric contact surfaces, on the power output of a TENG was reported in our previous work 473 
[21], where h was varied from contact (h=0) up to different separations. When the gap distance increased, 474 
the power output reduced significantly, and the load corresponding to maximum power increased as 475 
suggested by the DDEF model simulations (Fig. 9g) and experimental results (Fig. 9h). These results 476 
indicate the importance of sufficient contact between TENG layers towards the output induction. 477 
Similarly, several other experimental studies confirmed the importance of conformal contact between the 478 
TENG layers during the contact phase [27,61].  479 
4.3 Environmental Parameters 480 
Environmental parameters such as temperature, humidity and atmospheric pressure are known to impact 481 
the behaviour of triboelectric charging [71,77], as well as electrostatic induction process [114], therefore 482 
affects the output performance of a TENG. 483 
The temperature affects the triboelectric charging process as well as the material characteristics of 484 
TENG layers [77,114–116]. The behaviour of the triboelectric charging against temperature was 485 
reported by Xu et al. [77] using TENG consisting of inorganic insulating surfaces, where the charge, 486 
voltage, and current decreased when the temperature was increased (293 K to 473 K). These trends 487 
were explained using an electron cloud potential well model, where the atoms of the materials were 488 
represented by a potential well with outer shell electrons loosely bound, forming an electron cloud. 489 
When the atoms are apart, a distance (d) exists between the clouds, and the occupied energy levels 490 
of the materials (EA and EB) are less than the required energy for electrons to escape from the surface 491 
of materials (E1 and E2) (Fig. 10a i). Therefore, electrons cannot transfer before contact, due to local 492 
Figure 9: Effect of increasing amplitude on TENG output power. (a) DDEF model simulations, and, (b) corresponding experimental 
results, for the effect of increasing amplitude of movement (considering a sinusoidal motion profile) on the power output of a 
VCSTENG. Reprinted with permission from ref. [21]. Effect of increasing amplitude of the movement on (c) VOC and, (d) ISC output 
trends. Reprinted with permission from ref. [62] Copyright © 2014, American Chemical Society. Output results for the effect of 
increasing amplitude on (e) Current, (f) Peak current (blue) and charge (black). Reprinted with permission from ref. [46] Copyright 
© 2013, Elsevier Ltd. (g) DDEF model simulations, and, (g) Experimental results for the effect of increasing minimum separation 
(gap distance - h) between TENG layers on the power output. Reprinted with permission from ref. [21]. 
trapping of electrons in potential wells. These electron clouds overlap during the contact 493 
electrification creating an asymmetric double well potential, and, allows the electrons to transfer 494 
between the surfaces (Fig. 10a ii). When the surfaces are separated, an energy barrier is created, and 495 
the transferred electrons are trapped in subsequent surfaces at relatively low temperatures (Fig. 10a 496 
iii). However, the thermal energy of the material increases when the temperature is increased, 497 
enabling electrons to move out of this potential well to transfer to the other material or to the air, 498 
which results in the reduced triboelectric charging at adequately elevated temperatures (Fig. 10a iv).  499 
The overall effect of increasing temperature on the TENG outputs depends on how the triboelectric 500 
charging is affected, as well as on the structural and material changes of the TENG that may be caused by 501 
the temperature increment. As an example, Wen et al.[114] studied the effect of temperature on the 502 
current and voltage outputs of a TENG composed of PTFE and Aluminium contact surfaces. The 503 
temperature of the surrounding was changed from 77 K to 500 K, while recording 𝑉𝑂𝐶 and 𝐼𝑆𝐶. Both the 504 
𝑉𝑂𝐶 (Fig. 10b) and 𝐼𝑆𝐶  (Fig. 10c) depict relatively similar output trends, where an increase in the output 505 
performance is initially observed (77 K to 260 K). The outputs maximised around 260 K and decreased 506 
significantly when the temperature was further increased. When the temperature is increased, the 507 
thermal fluctuation on the contact surfaces cause the triboelectric charge density to reduce, imposing a 508 
negative impact on the TENG outputs, as discussed in the previous paragraph. At the same time, the 509 
elevated temperatures cause the TENG surfaces to soften, enhancing the triboelectric contact area. This 510 
enhances the effective triboelectric charge transfer between TENG layers. In the initial phase (77 K – 260 511 
K), the latter is dominant, therefore, the outputs show an increasing trend. However, when the 512 
temperature is further increased, the reduction in the triboelectric charge density causes the TENG 513 
outputs to reduce significantly. Therefore, the overall effect on changing the temperature on TENG 514 
outputs depends on how the triboelectric charge density is affected, as well as the effect on the material 515 
and structural characteristics of TENG layers. 516 
The effect of humidity or water on the TENG output performance was presented by Zhang et al. [59] using 517 
a series of hydrophobic and hydrophilic triboelectric contact surfaces. The influence of humidity on a given 518 
triboelectric surface depends on the amount of humidity and the wettability of the surface.[115] 519 
Considering hydrophilic surfaces such as Nylon 6,6 and Kapton, the triboelectric charges are almost 520 
nullified as the water spreads in a large area and prevents the triboelectric charge transfer. For example, 521 
the output performance of a VCSTENG consisting of a Nylon 6,6 layer, before adding water to the surface 522 
(Fig. 10d) and after the addition of water (Fig. 10e) were compared, where a significant reduction of the 523 
voltage was observed at the presence of water. When the surfaces are hydrophobic, the water is assumed 524 
to roll off the contact surfaces or remain with a small contact area on the triboelectric surface, therefore 525 
has a minimum effect on the triboelectric charge density and TENG output performance. The voltage for 526 
a hydrophobic PTFE layer with no water (Fig. 10f) and after adding water (Fig. 10g) does not indicate a 527 
significant change in output performance. A similar effect is observed at increasing relative humidity, 528 
where a hydrophilic surface (Nylon 6,6) shows an exponential drop in the output voltage (Fig. 10h), and 529 
the hydrophobic surface (PTFE) does not show a notable reduction in output performance (Fig. 10i). 530 
Therefore, Increasing the humidity generally has a negative effect on triboelectric charge density specially 531 
for hydrophilic surfaces, as polymers tend form a microscale water layer on the contact surfaces, 532 
disturbing the charge separation as well as encouraging lateral charge dissipation.[71,115] However, some 533 
studies suggested the importance of maintaining substantial humidity conditions due to the charge 534 
stabilizing effect of moisture present in air [86]. 535 
Triboelectric charging conducted in a high vacuum environment has been reported to enhance the tribo 536 
Figure 10: (a) Electron cloud potential well model explaining contact electrification of two materials. Schematic showing electron 
cloud and potential energy profiles of material A and B, (i) before contact, (ii) in contact, (c) after contact showing electron transfer 
between atoms at low temperature, and, (d) release of charges from atoms when the temperature (T) is increased as kT approaches 
barrier height (k-Boltzmann constant). Reporduced with permission from ref. [77] Copyright © Wiley-VCH GmbH & Co. The effect 
of increasing temperature on the (b) peak voltage and, (c) peak current of a TENG. Reprinted with permission from ref.[114]  
Copyright © 2014, Elsevier Ltd. The influence of adding water on the voltage performance of a TENG, showing a hydrophilic surface 
(nylon 6,6) (d) before, and, (e) after the addition of water, and, a hydrophobic surface (PTFE) (f) before, and, (g) after adding water. 
The effect of increasing humidity on the voltage output for (h) a hydrophilic (nylon 6,6) and, (i) a hydrophobic (PTFE) surface. 
Reprinted with permission ref. [59] Copyright © 2013, Elsevier Ltd. 
charge separation, in comparison to atmospheric pressure conditions.[71] While significant output 537 
performances have been reported in the atmospheric pressure conditions, low vacuum conditions have 538 
reported relatively high output performances for TENGs as discussed in section 4.1.1 [95].  539 
4.4 Power Output Extraction of TENG 540 
Extracting the output power generated in a TENG energy harvester is a challenging task, due to a number 541 
reasons [21]. TENGs produce periodic output pulses corresponding to their input motion profiles, 542 
therefore, obtaining a constant and consistent output signal is difficult. These sporadic output pulses and 543 
generally not suited for powering electronic devices, as most of them require a constant direct current 544 
input [117]. Furthermore, TENGs are inherently high impedance devices, therefore, they require matching 545 
high external loads to deliver high output power, which again deviates for most of the day to day 546 
electronic applications [19][21]. 547 
One of the leading studies on the analysis of output power extraction of a TENG was presented by our 548 
group in 2018 through the development of TENG power transfer equation [21], using the DDEF model and 549 
Norton’s Theorem. This technique segments the power generation characteristics of a TENG into its 550 
current (source current) and impedance (internal impedance) characteristics, and, uses the characteristic 551 
i-ratio (the ratio between the TENG internal impedance and the external load) to determine the output 552 
power generation and its optimisation (Fig. 11a). The source current and the i-ratio are evaluated using 553 
the DDEF model, and the TENG equivalent circuit to the Norton’s theorem is used to approximate the 554 
output current of the device.  555 
This study resulted in the development of unique visualisation strategy, TENG impedance plots, which 556 
represents the trends in i-ratio and the source current using the same time scale (Fig. 11b). Based on the 557 
maximum power transfer theorem, as the peak source current coincides with i-ratio of 0.5, optimum load 558 
matching condition is achieved, where the maximum output power can be extracted from the TENG. TENG 559 
power transfer equation and TENG impedance plots have been theoretically and experimental 560 
demonstrated for their capability of detecting peak power generation conditions, corresponding load 561 
matching, variation of outputs against different parameters and power output optimisation techniques, 562 
therefore, provides a step by step guidance for designing and fabricating optimised TENG energy 563 
harvesters. 564 
Apart from the device optimisation, external circuit designs have been used to modulate the output of 565 
TENGs. These approaches include combining rectifier circuits, capacitor and inductor elements, to modify 566 
the output signal as well as to store the energy [118][119][120][121]. Zi et al. reported an inductor-free 567 
power management strategy, which involves automated switching between series and parallel 568 
arrangement of capacitors, resulting in the conversion of low current high voltage TENG output into a high 569 
current low voltage output signal (Fig. 11c) [122]. This strategy was used to demonstrate the improved 570 
performance, achieving five times higher charging rate for a supercapacitor. More recently, Ryu et al. 571 
presented a multi-phase rotation type TENG, capable of producing a near direct output current (Fig. 11d) 572 
[123]. This device used the sliding motion between triboelectric layers to generate output current, and 573 
the electrodes of the TENG were arranged to obtain a calculated phase shift between their output signals. 574 
These outputs were then rectified and superimposed to obtain a near direct current output from the 575 
energy harvester. 576 
4.5 Hybrid Energy Harvesting Approaches 577 
The desirable properties of TENGs such as flexibility, stretchability, light weight, are extremely useful for 578 
their applicability for different purposes, as discussed in section 2. However, successful integration of 579 
TENGs into practical applications require them to be incorporated with different components of electronic 580 
Figure 11: (a) Developing TENG power transfer equation: Transformation from the conventional TENG circuit model (i) which 
consists ideal voltage source (V(t)), variable capacitor (C(t)) and load (R), in to Norton’s equivalent circuit model for TENGs (ii) 
representing source current IS(t), internal impedance ZS(t), and, load impedance ZL. (b) Example of a TENG impedance plot. The 
source current and impedance-ratio (i-ratio) are plotted against the same time axis for different load values, and the optimum 
load is located at the intersection of i-ratio=0.5 and peak source current. Reprinted with permission from ref. [21]. (c) Schematic 
representation of the inductor-free power management system consisting of a mechanism to shift between series and parallel 
capacitor configurations, along with a comparison of its applicability to charge a supercapacitor. Reprinted with permission from 
ref. [122] Copyright © 2016, Elsevier Ltd. (d) Multi-phase rotation type TENG capable of producing a direct current output, showing 
schematic of the (i) device, (ii) the connection of the electrodes to obtain phase shift, and, the corresponding (iii) voltage and (iv) 
current outputs at different number of phases. Reprinted with permission from ref. [123]. Copyright © 2018, Royal Society of 
Chemistry. 
systems, such as energy storage and management, in a compact and compatible manner [1]. A number of 581 
TENG architectures have been presented in the literature with the objective of integrating energy 582 
harvesting and storage units into the same module, as well as to combine different energy harvesting 583 
methods, to maximise the space consumption and provide multiple functionality [4,124–128].  584 
As an example, a shape adaptive self-charging power package suitable for wearable electronic 585 
applications was reported by Guo et al. [124], by integrating a flexible and stretchable TENG and a 586 
supercapacitor (Fig. 12a). Silicone rubber was used as the triboelectric material for the TENG, which was 587 
used to cover a silver nanowire-based electrode. Triboelectric charging occurred between the skin of the 588 
wearer and the silicone layer. The supercapacitor was fabricated on by depositing graphite on a gold 589 
coated paper substrate, and the stretchable properties were introduced to the structure using Kirigami 590 
patterns. The TENG was able to generate around 4 mW/m2 power density, at an operating frequency of 591 
1.5 Hz, and the specific capacitance of the supercapacitor was 12 F/g at a scan rate of 10 mV/s. The hybrid 592 
energy harvesting and storage unit produced a charging current to of 1.6 µA. A wearable solar cell – TENG 593 
hybrid design was reported by Wen et al., to simultaneously harvest and store energy from mechanical 594 
movement and light energy (Fig. 12b) [126]. The energy harvester consisted of a dye-sensitized solar cell, 595 
a fibre shaped TENG device and a supercapacitor. Considering a single pair of fibre-based devices, the 596 
solar cell component of this hybrid device was capable of producing Jsc=1.92 mA/cm2 Voc=0.74 V, fill factor 597 
of 0.64, and overall power conversion efficiency of 5.64%. The TENG unit was capable of producing a 598 
current output of 910 nA, and the supercapacitor showed a specific capacitance of 1.9 mW/cm. These 599 
elements were combined in to fabrics and demonstrated to power LEDs, digital watches and sensors.  600 
5 Summary and Outlook 601 
TENGs have emerged as one of the leading candidates for mechanical energy harvesting, in the last few 602 
years. These devices depend on the triboelectric effect coupled with electrostatic induction resulting from 603 
the relative movement of such charged layers, to convert movement into electricity. Four basic working 604 
modes have been identified for TENGs, and a large number of different architectures have been presented 605 
in the literature. The applicability of TENGs has been extensively demonstrated with various prototypes, 606 
as energy harvesters to power LEDs, smart watches, LCD screens, low power sensors, as well as self-607 
powered active sensors to detect pressure, force, movement and physiological parameters. This 608 
technology is shown to contain advantages such as high output power, high efficiency, compatibility with 609 
low frequency ambient movements, low cost, light weight, flexibility and stretchability among many 610 
others. 611 
The power generation of the TENG depends on the triboelectric effect and electrostatic induction. 612 
Triboelectric charging occurs between two surfaces when they are contacted, and, believed to be due to 613 
the transfer of electrons, ions or mass transfer between them. Explanation of the working principles of 614 
TENGs due to electrostatic induction has been based on two main approaches, the parallel plate capacitor 615 
based model, and the DDEF model. Among these models, the capacitor model provides a simple approach 616 
to estimate of the output trends of TENGs. The DDEF model provides a detailed understanding of the 617 
working principles of TENGs, along with a relatively accurate approximation of the output trends of 618 
practical devices. 619 
 A number of parameters can affect the output trends of a TENG, which can affect its triboelectric charge 620 
density as well as the output induction. These parameters have been categorized into device parameters, 621 
motion parameters and environmental parameters, and, the optimisation strategies for each of these 622 
categories have been discussed in this review.  The power management and storage strategies were also 623 
discussed briefly in this review. Furthermore, the optimisation tools which can be used to enhance the 624 
output power extraction such as the TENG power transfer theory and TENG impedance plots were 625 
explained. The importance of the effective integration of TENGs into low power electronic applications 626 
was discussed, along with several examples from literature. 627 
Despite its impressive and rapid progress within the last few years, a number of challenges still need to 628 
be addressed to enable the maximum potential of this technology, and some of these challenges can be 629 
listed as follows. 630 
Figure 12: Some example for integrated TENG designs. (a) Shape adaptive self-charging power package, fabricated using (i) TENG 
and  (ii) supercapacitor, resulting in a stretchable and flexible integrated power unit. Reprinted with permission from ref. [124] 
Copyright © 2016, American Chemical Society. (b) Fibre shaped hybrid energy harvester, capable of harvesting solar energy, 
mechanical energy and energy storage. The components include (i) dye sensitized solar cell, (ii) supercapacitor, and, (iii) TENG 
constructed at the interface of the solar cell and the supercapacitor. Reprinted with permission from ref. [126]. 
The current, charge and power outputs of TENGs are in forms of positive and negative pulses, 631 
corresponding to the contact-separation or sliding motion inputs. This sporadic and discontinuous nature 632 
of their power generation makes it difficult to be used in directly powering many of the electronic devices 633 
which require a direct current output to operate. Addressing this discontinuity remains a key challenge in 634 
constructing practical TENG devices. Current approaches in this regard include the combination of energy 635 
storage and output modulation circuits with TENG energy harvesters, however, these circuit elements 636 
might consume significant amounts of energy in comparison to the energy scavenged. Moreover, many 637 
of the circuit elements are rigid and relatively high weight in comparison to TENGs, therefore, they may 638 
disturb the functionality of the energy harvesters specially when flexibility, stretchability and wearability 639 
is necessary. Energy storage methods compatible with such applications need to be further developed to 640 
address this issue. More recently, the construction of near direct current output TENGs was demonstrated 641 
for a rotary type sliding mode TENG, which provides a novel approach to solve this issue, however, these 642 
primary solutions need to be further developed and expanded to other working modes. 643 
TENGs are inherently high impedance devices due to their structure, and many of their applications, which 644 
include output loads or energy storage units, contain relatively low load resistance values. The impedance 645 
mismatch between the TENG and the output load causes an issue in extracting the power, where the 646 
majority of power dissipated without being used. Several strategies have been presented to address this 647 
problem through structural optimisation, however, further studies are necessary to provide inventive 648 
solutions. 649 
The outputs of a TENG consist of low currents and high voltages, and, in order to modify these outputs 650 
for practical applications, the voltage needs to be decreased and the current increased. Different electrical 651 
transformation methods have been demonstrated to overcome this issue, however, the circuit elements 652 
used can consume significant portions of energy. Novel approaches are necessary to overcome this issue, 653 
probably using passive circuit elements, and with high efficiency. 654 
The understanding of the working principles needs to be further improved for TENGs. Despite significant 655 
research, the exact mechanism and details of triboelectric charging remains to be uncovered, which needs 656 
to be further investigated. Moreover, approaches similar to the DDEF model, which is capable of fully 657 
explaining the working principles are estimating output trends with relatively higher accuracy, need to be 658 
further expanded to represent real life TENG architectures. Some of the simulation results related to 659 
material parameters, such as the independent effect of triboelectric charge density, dielectric constant 660 
has to be investigated experimentally. Developing experimental strategies for this purpose is difficult, 661 
since many material properties are highly inter-related, and changing a single parameter would cause 662 
change in many other subsequent properties. 663 
The robustness and durability of TENG architectures need to be improved for some device designs. TENGs 664 
are constantly subject to abrasion, pressure and mechanical deformation, which can cause wear and 665 
defects on their structure. While some of the TENG deigns have been demonstrated to operate for a large 666 
number of working cycles, the durability of many of these devices need to be improved. One possible way 667 
of doing this is through novel material and structural developments, which can help boost the output 668 
performance as well as the robustness. 669 
Environmental parameters such as humidity, temperature and atmospheric pressure cause significant 670 
variations in the triboelectric charge density and TENG output behaviour. TENGs need to be designed to 671 
withstand these conditions, and, maintain substantial and consistent power generation and sensing 672 
capabilities. For example, wearable TENGs will be subjected to sweat and other body fluids, which can 673 
significantly reduce its output performance. TENGs deployed in extreme environments might be subjected 674 
to high temperatures and pressure scenarios, which again could reduce their output generation 675 
capabilities. These issues may be overcome through design and fabrication of protective layers, material 676 
selection and encapsulation. 677 
Developing more efficient, application compatible material and device architectures is essential. This will 678 
ensure highly efficient energy harvesting and self-powered sensing architectures with high output 679 
generation. Moreover, attention needs to be extended towards the integration of TENGs at the system 680 
level, by combining energy harvesting, power conditioning, energy storage and transducers etc. 681 
Integrating these different functionalities as well as hybridising various energy harvesting methods can be 682 
a useful strategy in advancing TENG energy harvesting field. 683 
Due to the effort of the researchers around the world, TENGs have undoubtedly become one of the most 684 
promising energy technologies to power the next generation of electronic devices. With the issues listed 685 
above resolved through innovative solutions, this technology is likely to expand and progress becoming a 686 
major component in our day to day lives, in near future. 687 
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